• Trimethylamine N-oxide (TMAO) is known to stabilize RNA tertiary structure.
are regulated in such a way that the functions of biological molecules are uncompromised. Osmolytes, which decrease the stability of the folded states of proteins or RNA, are classified as denaturants whereas those that enhance the native state stability are considered to be protective [1] . Experimental and computational studies on proteins suggest that the greater differential impact of protective osmolytes on the unfolded state relative to the native state leads to an enhancement of the stability of the native state [3] . It has been recently proposed that the action of the protective osmolyte trimethylamine N-oxide (TMAO) is similar to that of nano-crowders whose interactions with proteins leads to their depletion from the protein surface leading to an entropy loss in the osmolyte. Since the surface area is greater in the unfolded than that in the folded state protective osmolytes entropically favor the folded state. It is in this sense that osmolytes are like nano-crowding agents. The entropic stabilization mechanism readily explains the impact of osmolytes on proteins and peptides [2] [3] [4] [5] [6] [7] . In contrast the mechanism by which osmolytes stabilize RNA tertiary structures is, to a large extent, unexplained.
A few studies have examined the effects of osmolytes on RNA stability [8] [9] [10] . Ultraviolet thermal melting experiments have shown that the effect of osmolytes in general and TMAO in particular on the secondary structures of RNA is small [9] , which is in contrast with the influence of TMAO on secondary structures of proteins, which are stabilized by TMAO. All-atom MD and coarse-grained (CG) simulations showed that TMAO interacts with the base of guanosine-5′-monophosphate through the formation of a single hydrogen bond with the N2, an interaction that could stabilize the unfolded state, thereby leading to modest destabilization of RNA secondary structures [10] . Additional CG simulations of the RNA hairpin P5GA, using different models of osmolyte-RNA interactions, indicated that TMAO, as well as the majority of osmolytes, will not significantly impact RNA secondary structure stability. The marginal effect of TMAO on RNA secondary structures is confirmed both in experiments and computer simulations [8, 10, 11] .
In contrast, the tertiary structures of RNA are greatly affected in the presence of protective osmolytes and denaturants. The denaturant urea destabilized RNA tertiary structures whereas TMAO renders them stable [9] . In a more recent study it was found, using small angle X-ray scattering and hydroxyl radical footprinting, that in the presence of TMAO the radius of gyration (R g ) decreases for two RNA molecules with tertiary interactions [11] . In addition, the structures assessed by distance distribution function and R g for A-riboswitch in high TMAO concentration are identical to that found in the presence of low concentrations of Mg 2+ ions. These observations and the demonstration that TMAO is depleted from the vicinity of dimethyl phosphate (an ion that is a surrogate for RNA backbone) were used to propose that TMAO destabilizes both the unfolded (U) and the folded (F) states by dehydration of the phosphate groups. Because the extent of exposure of phosphate groups is considerably greater in the U than in the N state, it was argued that TMAO destabilizes the U state more than the N state, thus resulting in the net stabilization of the folded state. This proposal is similar to the mechanism suggested for protein stabilization by TMAO although the molecular details are different.
The drastically different impact of TMAO on RNA secondary versus tertiary structures suggests that the molecular mechanism of TMAO on RNA stability may be associated, in part, with interactions with the folded states of RNA. In order to investigate this possibility, namely that TMAO stabilization of the tertiary structure of RNA involves direct interactions with RNA, we examine, at the atomic level, the effects of TMAO on the folded state of PreQ 1 riboswitch using atomistic molecular dynamics (MD) simulations. Analysis was also performed to understand the impact of TMAO on the secondary structure of that molecule. The riboswitch, which is involved in selecting the intermediate PreQ 1 (7-aminomethyl-7-deazaguanine) in queuosine biogenesis [12] , was selected for study due to its relatively small size yet complex structure. The PreQ 1 riboswitch structure consists of tertiary, non-WC regions including a pseudoknot and adenine-and uracil-rich loop regions, as well as regions of canonical, WC secondary structure (Fig. 1) . Our studies show that in the presence of TMAO the F state is destabilized by dehydration of the phosphate groups, in accord with the proposal based on thoughtful experiments [11] . We hypothesize that because of possible changes in the pK a of TMAO in the presence of RNA a small fraction of the co-solute can be protonated to produce TMAOP, a positively charged monovalent ion (Fig. 1 ). An implication is that TMAOP stabilizes tertiary RNA structures in the same way as ions (Na
) do. We establish our hypothesis, which differs qualitatively from the mechanism proposed in reference [11] , using MD simulations including replicaexchange-constant-pH molecular dynamics (REX-CpHMD) [13] , which show a decrease in R g and an increase in the number of stable tertiary contacts in PreQ 1 in aqueous TMAO/TMAOP solutions.
Methods

Model
We initiated our simulations using the crystal structure of the PreQ 1 riboswitch consisting of 34 nucleotides with the queuosine precursor ligand, 7-aminomethyl-7-deazaguanine, and the Ca 2+ ion removed (PDB ID: 3FU2) ( Fig. 1 ) [12] . Nucleotides 13 to 14, which are not present in the crystal structure, were excluded in the simulations. The RNA system was constructed within the CHARMM program [14] using the CHARMM36 all-atom additive nucleic acid force field [15] . After adding the missing hydrogen atoms to the crystal structure, the RNA molecule was immersed in a pre-equilibrated cubic water box that extended approximately 10 Å beyond all dimensions defined by the RNA non-hydrogen atoms. Overlapping water molecules with their oxygen atoms within 1.8 Å of non-hydrogen RNA atoms were deleted. Potassium ions were randomly placed in the water box to render the system electrically neutral followed by additional KCl to yield an additional~0.15 M ion concentration.
Simulation details
We performed simulations using periodic boundary conditions. Particle mesh Ewald [16, 17] was used for the calculation of electrostatic interactions with a 12 Å real space cutoff, an approximately 1 Å grid and a 4-order spline interpolation. Lennard-Jones (LJ) interactions were truncated at 12 Å, with a force switch smoothing function from 8 to 12 Å. The Langevin piston algorithm [18] was employed to maintain a pressure of 1 atm and Hoover thermostats [19, 20] were used to maintain the temperature at 298 K. The SHAKE algorithm [21] was used to constrain all the covalent bonds involving hydrogen atoms.
Initially the systems were subjected to 300-step steepest descent and 500-step adopted basis Newton-Raphson minimizations followed by a 500 ps MD simulation in the NPT ensemble with mass weighted restraints with a harmonic force constant of 5 kcal/mol/Å 2 on all RNA non-hydrogen atoms. This enabled the equilibration of the solvent molecules and ions around the RNA, filling any voids created by deleting the water molecules. The resultant structures were used as the initial structures for the production MD simulations. Using the pre-equilibrated system, a series of five simulations were constructed where the systems differed in the concentration of TMAO (0.4 and 2.0 M) as well as the protonation state of TMAO molecules within the solution. Parameters were taken from the CHARMM General force field (CGenFF) [22] for neutral and protonated TMAO (TMAOP). The osmolyte within each system was placed to reduce van der Waals (vdW) contacts with the riboswitch and upon placement, for each individual osmolyte, approximately three to five water molecules were removed. Subsequently, 120 ns of production simulation was performed on each system using the NPT ensemble and employing the multitime step integrator within the NAMD program [23] . All the simulations used an integration time step of 2 fs and coordinates were saved every 2.5 ps for analysis. The pressure and temperature were maintained at 1 atm and 298 K. One additional system was constructed using the pre-equilibrated RNA and 20 mM MgCl 2 without TMAO/P or potassium to reveal the sites occupied by divalent cations in the folded state.
Constant pH simulations
The replica exchange constant pH molecular dynamics (REXCpHMD) method, which allows molecules to alternate between protonation states during an MD simulation [13, 24] , was used to observe to what extent the presence of RNA leads to the protonation of TMAO as well as the impact of protonated TMAO on RNA structure. The titration of TMAO between the states is based on perturbing the associated nonbonded and bonded parameters that represent the two states. The force-field parameters of protonated TMAO (referred to as TMAOP herein) (Fig. 1C, D) differ from those of neutral TMAO most significantly in the presence of a proton on the O atom and in the partial charges assigned to the O and N atoms. For neutral TMAO, a titrating (dummy) hydrogen, dHO, is assigned based on the bonded parameters of the OH proton in TMAOP (Table S1 , supporting information). This allows for the protonation of TMAO to be defined largely based on the LJ and partial atomic changes, with the TMAO/TMAOP equilibrium associated with a parameter λ (specifying the protonated state) value for each TMAO molecule.
REX-CpHMD is performed by constructing a potential of mean force (PMF) between the protonated (λ = 0) and deprotonated (λ = 1) states of TMAOP that controls the equilibrium between the two states [13] . The PMF may be obtained by thermodynamic integration where the parameters A and B, which define a quadratic function that describes the titration coordinate, are adjusted to yield the correct equilibrium as a function of pH. These terms were empirically optimized such that at a pH of 4.7, corresponding to the pK a of TMAO, the equilibrium between the protonated and deprotonated states was 1, yielding values of −80.6259 and 0.0851797 for A and B, respectively.
Two TMAO-RNA systems were simulated (0.4 and 2.0 M) using REX-CpHMD as implemented in the CHARMM program [24] . A series of 8 replicas were used over a pH range from 6.78 to 7.02, with data from all 8 replicas used for analysis. For each replica, which includes the explicit inclusion of solvent, the GBSW implicit generalized Born (GB) solvent model [25] was applied to calculate the change in free energy as a function of λ as required to titrate TMAO/TMAOP during the REX-CpHMD. In the simulations, a quadratic θ-variable barrier height of 1.5 and a quadratic x-variable barrier height of 2.0 were used for the TMAO protonation PMF. The REX-CpHMD simulations conditions are identical to the standard MD simulations described above. The simulations were run for a total of 10 ns per replica (~80 ns in total run time) where the frequency of saving the coordinates was 5 ps. The exchange criteria for the replicas was evaluated every 250 ps and the acceptance ratio was 50-60% (Table 1) .
Data analysis
We analyzed the data using MDAnalysis [26] to reveal the detailed mechanism of TMAO interaction with RNA. The three-dimensional (3D) probability distributions for TMAOP and Mg 2+ were based on a grid spacing of 1 Å and were normalized relative to the total number of frames in the trajectory and bulk density of TMAO/P molecules or Mg 2+ ions, such that 1 indicates bulk density for either TMAO/P or Mg 2+ .
Results
Neutral TMAO destabilizes PreQ 1 tertiary structure
The small size of PreQ 1 ( Fig. 1 ) allows adequate conformational sampling and the presence of secondary and tertiary interactions enables us to explore the effect of TMAO on the two levels of structural organization [9, 11] . The crystal structure of PreQ1 (3FU2) contains the ligand, queuosine, and Ca 2+ ions. Two of the ions located within the fold of the RNA and the remaining ions are on the periphery of the tertiary structure. However, we do not include queuosine and Ca 2+ in the simulations, which is justified because solution NMR experiments have shown that Ca 2+ ions resolved in the crystal structure are not required for folding of PreQ 1 [27] . As a result the tertiary structure is modestly destabilized (see below). In the first set of simulations we assumed that TMAO is exclusively present in the zwitterionic neutral form, as would be surmised from the experimental pK a = 4.7 of TMAO [28, 29] . The root mean square differences (RMS) with respect to the crystal structure for all non-hydrogen atoms, excluding terminal nucleotides in 0, 0.4 and 2.0 M TMAO in Fig. 2A show that the presence of the osmolyte results in gradual partial unfolding of the RNA. The RMS differences and the radius of gyration (R g ) over the final 60 ns of the simulations ( Fig. 2A, inset) increase. The enhanced conformational variation in the folded RNA structure, which suggests that TMAO destabilizes the native state, is not inconsistent with experiments. The loss in stability Table 1 The average population of TMAOP (the error analysis is based on random block analysis) and exchange rate for the REX-CpHMD simulations.
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of the folded state may be attributed to dehydration of the phosphate groups promoted by TMAO (see below). Here, we provide an alternate explanation for the increase in stability of tertiary structures of RNA due to TMAO based on our hypothesis that the favorable electrostatic interaction between TMAOP and RNA leads to F state stabilization.
PreQ 1 RNA increases the population of the protonated state of TMAO
The pK a of TMAO of 4.7 is approximately 2 pH units below the conditions where the experimental studies were performed (pH = 6.8 to 7.0). Thus, a naïve estimate shows that approximately 99% of TMAO is uncharged at neutral pH if no physical interactions were present to perturb the solution pK a of TMAO. We hypothesize that in the presence of RNA there is a shift in the pK a of TMAO such that a small but a significant fraction of molecules in the vicinity of the RNA is protonated to produce TMAOP, a monovalent cation. Consequently, at high enough concentration of TMAO favorable interactions between the positively charged TMAOP and the negatively charged phosphate groups of RNA can occur, which may result in the stabilization of both the U and F states.
The rationale for our hypothesis is based on two observations. First, equilibrium experiments have shown that the stabilizing effect of TMAO on proteins is pH dependent [30] . It seems that only at neutral pH, TMAO stabilizes the folded states, and at lower pH values there is a decrease in stability of the F state. Indeed, at pH values below the pK a of TMAO the native states are destabilized, though the extent of the effect depends on the protein. It is known that proteins typically denature under acidic conditions, and hence it might be assumed that the observed decrease in stability is purely due to acidic pH with TMAO playing no role. However, the data show that not only is TMAO incapable of increasing the stability at pH b pK a but it contributes to additional instability as demonstrated by a decrease in the melting temperatures in the presence of TMAO at low pH [29] . Second, the polyanionic nature of RNA could perturb the pK a of TMAO leading to an increase in the population of TMAOP near neutral pH, thus potentially altering the effect of TMAO on RNA. The expected shift in pK a could arise due to favorable electrostatic interactions between the anionic phosphates and the protonated TMAOP, thereby effectively shifting the pK a of TMAO to higher values. This would increase the probability that a specific TMAO molecule may be in the protonated form at pH 6.8-7.0 in the presence of RNA.
In order to test our hypothesis, we first estimated the population of TMAOP in the presence of the RNA, by performing replica exchange constant pH molecular dynamics (REX-CpHMD) simulations. REX-CpHMD is a free energy perturbation-based approach initially designed to allow the protonation state of ionizable residues on proteins to vary as a function of pH and/or environment [13] . In the present study, we use this approach to allow the protonation state of the osmolyte, TMAO, to vary in the presence of the RNA. The fraction of TMAOP increases from 1% in the absence of RNA at 0.15 M KCl to 13% and 11% in the presence of RNA at both 0.4 and 2.0 M TMAO, respectively (Table 1) . Thus, in the presence of RNA there is sufficient increase in the concentration of the positively charged TMAOP, which can serve as a surrogate cation to stabilize the folded state of RNA.
TMAOP stabilizes PreQ 1 RNA
Having established that there is an increase in the population of TMAOP in the presence of RNA, which could contribute to the stabilization of RNA, we performed simulations by explicitly including TMAOP. Based on the REX-CpHMD we assumed that the pK a of TMAO shifts by approximately 1 pH unit, so that~10% of the molecules are in the protonated state. We performed standard MD simulations at both 0.4 and 2.0 M TMAO, with 10% of TMAO in the TMAOP state. In contrast to the results in Fig. 2A , the RMS difference of PreQ 1 is similar in the absence of TMAO and in the 0.4 M solution containing TMAOP. In addition, at a higher concentration of 2.0 M TMAO/TMAOP solution the RMS decreases with respect to the crystal structure (Fig. 2B) . Consistent with these results, the distribution of R g calculated over the final 60 ns of the simulations in both TMAO/TMAOP mixtures remains narrow with a peak at R g that coincides with the value in the crystal structure (Fig. 2B, inset) . These results strongly indicate that the stabilization of the tertiary structures of RNA is due to the presence of TMAOP.
The REX-CpHMD provided additional insights into the molecular details of the interaction of TMAO/P with RNA. For example, Figure S1 of the SI shows the R g distributions for the final 60 ns in the absence of TMAO, a solution containing 10% TMAOP, along with those from the REX-CpHMD simulations. The stabilization of the RNA in the presence of a mixture of TMAO/TMAOP in the context of the REX-CpHMD methodology is similar to that obtained in the standard MD simulations containing 10% TMAOP. These results provide the first indication that TMAOP, with ionic character, is needed to stabilize the F state of PreQ 1 .
TMAO has negligible influence on the secondary structure of PreQ 1 RNA
We assessed the impact of TMAO on the secondary structure of PreQ 1 by computing the probability distributions of the N1-N3 distances. In the absence of TMAO the N1-N3 distances of the WC pairs are well preserved with a major peak at 2.8 Å, although some disruption is evident as distances beyond 4 Å are sampled (Fig. 3A) . In the presence of 2.0 M neutral TMAO, modest destabilization of the secondary structure occurs, as indicated by the presence of a minor peak at 4.7 Å, which suggests additional base pair opening (Fig. 3A) . In simulations containing 10% TMAOP simulations, the distributions are nearly identical to that found at 0 M TMAO. The N1-N3 interactions are well maintained, with some evidence of minor disruption (Fig. 3B) . Thus, TMAO has only a negligible effect on the secondary structure of PreQ 1 , which adds support to previous experiments [8, 9] on different RNA structures.
In order to further probe the influence of TMAO on the secondary structure of PreQ 1 , we computed the distribution of the backbone and glycosidic bond dihedral angles for the canonical regions ( Figure S2 , supporting information) and the RMS differences of the canonical regions with respect to themselves (Table S2 , supporting information). Although the secondary structure is modestly destabilized in neutral TMAO simulations, it is not significantly impacted when TMAOP was included in the simulations. These results are consistent with experiments [8, 9] and previous [10] and present simulations, which showed that TMAO has at best modest influence on RNA secondary structures.
TMAO/TMAOP mixture increases the fraction of tertiary contacts
We calculated the dynamics of native contact formation to determine the effects of TMAO/TMAOP on the tertiary structure. We considered only the native contacts associated with the tertiary fold of the PreQ 1 RNA as defined in the list of tertiary interactions reported in the crystallography paper (Table S3 , supporting information) [12] . The contacts exclude WC base-pair interactions and focus on Hoogsteen interactions as well as additional interactions that stabilize the tertiary fold of the riboswitch. Fig. 4 shows the time series of the fraction of native contacts in the absence of TMAO, neutral TMAO, and the TMAO/ TMAOP simulations. The probability distribution of the fraction of native contacts (Q N ) over the last 60 ns for each system is in the inset of Fig. 4 . In the absence of the osmolyte, the tertiary structure is partially disrupted, which is expected due to the absence of Mg 2+ or Ca 2+ in the simulations as well as the omission of queuosine and selected nucleotides. Interestingly, the presence of neutral TMAO does not compensate for the loss of tertiary contacts and, in fact, leads to a noticeable decrease in Q N , consistent with the overall increase in both the RMSD and R g (Fig. 2) . In striking contrast, Q N is significantly higher in the presence of 10% TMAOP, reaching values in the range 0.6 to 0.7, results that are also consistent with the decrease in RMSD and R g shown in Fig. 2 . Taken together our simulations show that in the presence of TMAOP the tertiary structure of PreQ 1 is stabilized.
TMAOP promotes dehydration of the phosphate groups to a greater extent than TMAO
It has been suggested that TMAO-induced stabilization could be due to larger differential dehydration of the phosphodiester moieties between the U and F states, while the possibility of specific interactions of TMAO with the RNA were excluded. To better understand the role of TMAO-induced dehydration, analysis of the distribution of water, TMAO, and TMAOP around the RNA was undertaken. We used hydration number analysis (Table 2 ) and water radial-distribution functions (RDFs) ( Figure S4 , supporting information) calculated around different regions of the RNA to dissect the potential dehydration of the folded RNA in the presence of TMAO/P. The extent of hydration was determined for the entire RNA, the non-canonical (non-WC) regions, and the canonical (WC) regions in the 0 M TMAO and 2.0 M TMAO/ 
Table 2
The average number of water molecules per nucleotide with the oxygen atom within 3. TMAOP systems. TMAO leads to various levels of dehydration of the RNA with the most affected region being the oxygen atoms of the anionic phosphate groups, which lose approximately one water per nucleotide in the WC region. In addition, the minor groove and O2′ are partially dehydrated as well. In the non-WC region, the major groove shows a 0.5 decrease in the number of associated waters in the 2.0 M TMAO system. The results indicate that the canonical, WC region of the molecule is dehydrated more than the non-canonical region, with a loss of almost half a water molecule per nucleotide in the presence of TMAO ( Table 2 ). The extent of dehydration is further increased in the presence of 10% TMAOP compared to a solution containing only neutral TMAO (Table S4 of the supporting information). However, the energetic cost due to dehydration is compensated by direct interaction of the charged TMAOP with PreQ 1 phosphate groups (see below).
TMAOP has favorable interactions with RNA
In order to shed light on the differences in interactions between TMAO and TMAOP with PreQ 1 we calculated the number of molecules in direct contact with the RNA (Table 3) and RDFs for TMAO and TMAOP around RNA (Fig. 5) in the 2.0 M TMAO/TMAOP solution. TMAOP interacts with the RNA significantly more than TMAO, with approximately 0.4 TMAOP molecules/nucleotide whereas only 0.2 neutral TMAO is present near PreQ 1 . Indirect interactions of both TMAO and TMAOP are evident, as judged by the maxima in the RDF being beyond 3 Å with the majority of TMAOP interactions involving the phosphate followed by the major groove; however, a two-dimensional analysis of the anionic phosphate-major groove interaction distances indicate that the major groove-TMAOP interactions are largely associated with favorable interactions with the phosphate groups ( Figure S5 , supporting information). Interestingly, a significant contribution to the TMAOP-RNA interactions involves TMAOP occupying the region of PreQ 1 RNA occupied by the queuosine ligand (see below). The REX-CpHMD results are in agreement with those for 10% explicitly protonated TMAO ( Figure S6, supporting information) . These results indicate that while the destabilizing effect of TMAO includes indirect, dehydration of the RNA, direct interactions of TMAOP with the phosphates also occur such that the resulting folded state is rendered stable. In other words, the destabilizing effect of depletion of water molecules from the phosphate groups in aqueous TMAO/TMAOP solution is more than compensated by the favorable electrostatic interaction between TMAOP and RNA. It is clear that the stabilization mechanism of RNA in the presence of TMAO is more complex than for proteins, which affects secondary and tertiary structures in a similar manner [6, 31] .
Discussion
Constant pH MD simulations and the pK a shift of TMAO
A central finding of the present study is the shift in the pK a of TMAO in the presence of RNA. While CpHMD is a relatively new modeling approach [13, 24, 32] it has been successfully applied to biological systems, including RNA [32, 33] . In those studies it has been used to investigate the ionizable groups on the biological macromolecule; the present study represents the first application of the method to study the ionization of an osmolyte in aqueous solution. As shown above the approach yields the correct percent protonated TMAOP in the absence of RNA and predicts a shift in the presence of RNA of up to 10% TMAOP. However, it should be noted that the percent TMAOP in the experimental regimen will be a function of the concentration of the RNA. In the presented calculations the RNA concentration is approximately 8 mM, as required for computational considerations, while in experimental studies the concentration of RNA is typically in the low micromolar range [9] . Accordingly, the total amount of TMAOP will only increase slightly in the presence of experimental concentrations of RNA as compared to the absence of RNA as we assume that only TMAO in the direct vicinity of the RNA will undergo the predicted pK a shift. In addition, the TMAOP is proposed to replace cations normally found in the vicinity of RNA, such that it may be assumed that the ionizable groups on RNA [33] are not being significantly perturbed. Future experimental studies will be required to verify the presented results.
TMAOP is a surrogate cation
RNA is a strongly charged polyelectrolyte. Thus, cations, such as divalent Mg
2+
, are required to stabilize the tertiary structures of RNA [11, 34, 35] . Although it is well accepted that the most of RNA-cation interactions are non-specific several specific interactions, especially involving Mg 2+ , may be required to stabilize tertiary RNA structures. The PreQ 1 crystal structure was obtained in the presence of Ca 2+ , which was shown to interact specifically with phosphates in the noncanonical loop region of the 3FU2 structure [12] . The stabilizing effect of TMAOP, a monovalent cation with low charge density, on the tertiary structure of the RNA, suggests that TMAOP could also interact specifically with the RNA in a manner similar to divalent ions albeit less strongly. To investigate this possibility, a simulation of PreQ 1 in the presence of 20 mM MgCl 2 was undertaken and the spatial distribution of the Mg 2+ ions compared with those of TMAOP. The properties of the folded PreQ 1 such as the RMSD, the R g and the dynamics of native contact in the presence of Mg 2+ are similar to those obtained in the presence of TMAOP ( Figure S7 ). Not surprisingly, the value of R g is lower in the presence of a high charge density Mg 2+ whereas the number of native contacts is smaller compared to the TMAOP simulation. We also calculated 1D and 3D probability distributions of TMAOP and Mg 2+ around the RNA ( Figure S8 of the supporting information and Fig. 6, respectively) . The 1D probability distributions show that Mg 2+ is localized adjacent to the phosphate in both the canonical and non-canonical regions of the RNA similar to the interaction involving TMAOP. The 3D probability Table 3 The average number of TMAO/TMAOP molecules per nucleotide with the non-hydrogen atoms within 3. , with additional regions being occupied by the ions for which there is no significant overlap (see following paragraph). Thus, the stabilizing effect of TMAOP on the tertiary structure may be associated (at least in part) with its ability to mimic the favorable direct interactions of positively charged ions with the RNA. It should be stressed that it is more likely that TMAOP has more of the characteristics of low charge density monovalent cations. This explains the large concentration of TMAO needed to fold the A-riboswitch, which is accomplished with a few mM of Mg 2+ . More generally, this interpretation is in accord with experiments showing that the concentration of monovalent cations has to be in the molar range to fold large ribozymes where only a few mM concentrations of Mg 2+ are sufficient to fold them (see Table 1 in ref. [35] ). Fig. 6E and F) . Such an overlap is not unexpected given the positive charge common to queuosine and TMAOP. What is interesting is that
TMAOP occupies the queuosine ligand binding site
Mg
2+ does not significantly sample this region, which is due to the strong hydration and higher charge density of the atomic dication versus the larger molecular monocation TMAOP. Interestingly, occupation of the ligand binding region by TMAOP may lead to additional stabilization of the riboswitch as evidence by the smaller RMS difference and larger number of native contacts in the presence of 10% TMAOP as compared to Mg 2+ ( Figure S7 of the supporting information 
Conclusions
The enhanced stability of tertiary structures of RNA in the presence of TMAO has been attributed to the osmolyte lowering the penalty for dehydrating the phosphate moieties upon RNA folding [11] . In this picture, which is not dissimilar to the entropic stabilization mechanism proposed for proteins, TMAO destabilizes both the folded and unfolded states of RNA. Because the extent of destabilization of the unfolded state is far greater than that for the native state there is a shift in the equilibrium of the RNA toward a folded state. In addition, it was suggested that TMAO mimics the stabilizing effect of Mg 2+ on a structural level, yielding similar decreases in the R g and changes in hydroxyl radical based footprinting.
In contrast to the mechanism described above, our studies lead to a different picture for TMAO-induced stabilization of RNA tertiary structures. Our results show that the protonated form TMAOP in solution . The minor and major grooves were defined based on the atoms O2, N2, and N3 for the minor groove and N7, N6, O6, N4, and O4 for the major groove. Normalization was based on number of trajectory frames and the bulk density.
contributes to the stabilization of RNA tertiary structures. TMAOP, which interacts directly with RNA, partially mimics the specific interactions of positively charged ions such as Mg 2+ and Ca
2+
, thus contributing to the stabilization of its structure. Further, TMAOP occupies the ligand binding site of the riboswitch, leading to further stabilization while Mg 2+ does not occupy that site suggesting a model by which Mg 2+ can stabilize conformations of the apo riboswitch that facilitate ligand binding and formation of the holo riboswitch. The proposed mechanism suggests that the impact of TMAO on RNA will be strongly pH dependent, a prediction that is amenable to experimental test. Another implication of our work is that in the presence of modest amounts of TMAO the metal ion concentration required for stabilization should decrease. In this context, obtaining a phase diagram of RNA structures as a function of TMAO and Mg 2+ would be most interesting. 
